A phenylalanine residue (Phe 1519 ) in the sixth transmembrane segment of domain III (IIIS6) of the cockroach BgNa v sodium channel is required for the binding and action of pyrethroids. However, whether or not other residues in IIIS6 participate in the action of pyrethroids remains to be determined. In the present study, we conducted a systematic analysis of 20 residues in IIIS6 of the BgNa v channel using alanine-scanning mutagenesis. Our results show that alanine substitutions of four residues, Ile 1514 , Gly 1516 , Phe 1518 and Asn 1522 , altered sodium channel sensitivity to pyrethroid insecticides. Whereas the G1516A, F1518A and N1522A substitutions diminished sodium channel sensitivity to all seven pyrethroids examined, including four type I (lacking the α-cyano group at the phenoxybenzyl alcohol) and three type II (containing the α-cyano group) pyrethroids, the I1514A substitution enhanced sodium channel sensitivity to four type I and type II pyrethroids that contain the phenoxybenzyl alcohol only. We also show that alanine/lysine substitutions of Leu 1521 and Ser 1517 affected the action of BTX (batrachotoxin), but not pyrethroids. In the K v 1.2-based homology model of the open sodium channel, side chains of Ile 1514 , Phe 1518 and Asn 1522 are exposed towards helix IIS5 and linker IIS4-IIS5, which contain previously identified pyrethroid-interacting residues, whereas Ser 1517 and Leu 1521 face the inner pore where the BTX receptor is located. Thus the present study provides further evidence for structural models in which pyrethroids bind to the lipid-exposed interface formed by helices IIIS6, IIS5 and linker helix IIS4-IIS5, whereas BTX binds to the pore-exposed side of the IIIS6 helix.
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INTRODUCTION
Voltage-gated sodium channels are essential for the initiation and generation of action potentials in almost all excitable cells [1] . Sodium channel proteins contain four homologous domains (I-IV), each formed by six membrane-spanning segments (S1-S6) connected by intracellular and extracellular loops. The four positively charged S4 segments function as voltage sensors. In response to membrane depolarization, the S4 segments move outwards to initiate activation (i.e. channel opening) [1] . Transmembrane segments S5 and S6 of each domain and the membrane-re-entrant P-loops connecting the S5 and S6 segments that dip into the transmembrane region form the narrow outer pore and ion-selectivity filter [1] . The short linker connecting domains III and IV contains a sequence motif that is critical for fast inactivation of sodium channels [1] .
Sodium channels are well-known targets for a variety of neurotoxins including BTX (batrachotoxin) and pyrethroid insecticides [2] . Pyrethroids are derived structurally from pyrethrins, the insecticidal components of pyrethrum extract from Chrysanthemum species [3] . They represent one of the most important and relatively safe classes of insecticides currently on the market for insect pest control. Previous pharmacological and electrophysiological studies show that pyrethroids bind to a unique receptor site on the sodium channel and cause prolonged sodium channel opening by inhibiting deactivation and inactivation [4, 5] . However, the molecular basis of the pyrethroid interaction with sodium channels remained elusive until the identification of multiple point mutations in insect sodium channel genes from pyrethroid-resistant field insect populations [6] [7] [8] . Understanding how these point mutations reduce insect sodium channel sensitivity to pyrethroids has begun to shed light on the molecular determinants of the pyrethroid receptor site on the sodium channel. It appears that mutations in IIS5, IIIS6 and linker IIS4-IIS5 could drastically reduce or completely abolish insect sodium channel sensitivity to structurally diverse pyrethroids, suggesting that some (or all) of them may be involved in pyrethroid binding [9] [10] [11] [12] . Homology modelling based on the crystal structure of the open potassium channel K v 1.2 [13] predicted that the pyrethroid-binding site in the sodium channel is located within a hydrophobic cavity formed by the transmembrane helices IIS5 and IIIS6, as well as the linker IIS4-IIS5 [14] .
The involvement of IIIS6 in the binding and action of pyrethroids was first documented by the association of the F1519I mutation in IIIS6 of the southern cattle tick sodium channel with high-level pyrethroid resistance [15] . Interestingly, the F1519I substitution in the cockroach sodium channel completely abolishes sodium channel sensitivity to structurally diverse pyrethroids [11] and reduces the sensitivity of mammalian sodium channels to pyrethroids [16] . Furthermore, an aromatic residue at position 1519 is required for the binding and action of pyrethroids [11] Voltages of half-maximal activation or steady-state inactivation (V 0.5 ) of mutant channels were compared with that of the wild-type sodium channel. The histograms show the differences between voltage for the half-maximal activation or inactivation of wild-type and each mutant sodium channel. V 0.5 values were obtained from Boltzmann fits, as described in the Experimental section. Asterisks indicate significant differences from the wild-type channel as determined by Student's t test (P < 0.05).
for the action of pyrethroids, and also revealed the involvement of two residues, Ser 1517 and Leu 1521 , in the action of BTX. Homology modelling suggests that residues important for pyrethroid and BTX action are located on opposite sides of IIIS6, supporting the hypothesis that a single transmembrane helix can contribute to the distinct binding sites of two different classes of sodium channel toxins.
EXPERIMENTAL

Site-directed mutagenesis
The cockroach sodium channel BgNa v 1-1A cDNA (wild-type) [17] was used to generate mutant constructs. Site-directed mutagenesis was performed by PCR using mutant primers and Pfu Turbo DNA polymerase (Stratagene). All mutagenesis results were verified by DNA sequencing.
Expression of BgNa v 1-1A sodium channels in Xenopus oocyte
Procedures for oocyte preparation and cRNA injection were identical with those described previously [18] . For expression of the cockroach BgNa v 1-1A sodium channel, BgNa v 1-1A cRNA was co-injected into oocytes with cRNA of Drosophila melanogaster tipE (1:1 molar ratio) which is known to enhance the expression of insect sodium channels in oocytes [19, 20] .
Electrophysiological recording and analysis
Methods for electrophysiological recording and data analysis were similar to those described previously [21] . Sodium currents were recorded by using standard two-electrode voltage clamping. The voltage-dependence of activation and fast inactivation was determined using the protocols described previously [18, 21] . The data were fitted with a Boltzmann equation to generate V 0.5 , the midpoint of the activation or inactivation curves, and k, the slope factor.
Pyrethroids were gifts from Klaus Naumann and Ralf Nauen (Bayer AG, Leverkusen, Germany). The method for application of pyrethroids in the recording system was identical with that described by Tan et al. [21] . The effects of pyrethroids were measured 10 min after toxin application. The pyrethroid-induced tail current was recorded during a 100-pulse train of 5-ms depolarization from − 120 to 0 mV with a 5-ms interpulse interval [10] . Percentages of channels modified by pyrethroids were calculated using the equation M = {[I tail /(E h − E Na )]/[I Na /(E t − E Na )]} × 100 [22] , where I tail is the maximal tail current amplitude, E h is the potential to which the membrane is repolarized, E Na is the reversal potential for sodium current determined from the current-voltage curve, I Na is the amplitude of the peak current during depolarization before pyrethroid exposure, and E t is the potential of step depolarization. Dose-response curves were fitted to the Hill equation:
h }, in which [pyrethroid] represents the concentration of pyrethroid, EC 50 represents the concentration of pyrethroid that produced the half-maximal effect, h represents the Hill coefficient, and M max is the maximal percentage of sodium channels modified.
Computer modelling
To visualize sodium channel residues involved in binding of pyrethroids, we have built a Monte Carlo-minimized K v 1.2-based model of the open sodium channel BgNa v 1-1 using the ZMM program [23, 24] and the methodology described by Tikhonov and Zhorov [25, 26] . The sequences of potassium and sodium channels were aligned as proposed previously [14, 27] .
RESULTS
Effects of alanine substitutions of 20 residues in IIIS6 on sodium channel gating
To determine whether residues in IIIS6, besides Phe 1519 , influence the action of pyrethroids on the sodium channel, we conducted alanine-substitution mutagenesis of residues in IIIS6 from Val (a wildtype variant), which is highly sensitive to pyrethroids. We chose alanine substitution because alanine changes the size and chemical properties of the residues, but has minimal effects on protein secondary structures. The resulting channels were individually expressed in Xenopus oocytes. Sodium currents were recorded between days 3 and 7 after cRNA injection. Most of the mutant channels generated sufficient sodium currents for functional analysis, except for the F1511A and S1517A channels. We therefore made two additional mutant channels, containing F1511I and S1517P respectively. F1511I was chosen because an isoleucine residue is present in the majority of mammalian sodium channel proteins at the corresponding position. We chose S1517P because the same change was found in a cockroach functional fulllength cDNA clone. Both F1511I and S1517P channels produced detectable currents. All mutant channels inactivated completely except for the F1524A and I1525A channels that exhibited a persistent current, 10-20 % of the peak current.
Eight substitutions (V1510A, F1511I, F1512A, F1515A, F1518A, T1520A, L1523A and I1529A) did not alter the voltagedependence of either activation or inactivation. Twelve substitutions (I1513A, I1514A, G1516A, S1517P, L1521A, N1522A, F1524A, I1525A, G1526A, V1527A, I1528A and D1530A) altered the voltage-dependence of activation and/or inactivation ( Figure 1 ). The shifts in voltage-dependence caused by these substitutions were within 10 mV in either the hyperpolarizing or depolarizing directions ( Figure 1 and Supplemental Table  S1 at http://www.BiochemJ.org/bj/419/bj4190377add.htm). For example, the I1514A substitution shifted both activation and inactivation in the hyperpolarizing direction by 6-10 mV. The I1525A substitution shifted both activation and inactivation in the depolarizing direction. The L1521A, N1522A, G1526A and D1530A substitutions shifted the activation in the depolarizing direction, but inactivation in the hyperpolarizing direction. The I1513A, G1516A and S1517P substitutions shifted the voltagedependence of activation in the depolarizing direction, whereas I1528A substitution shifted in the hyperpolarizing direction, but none of them had any effect on channel inactivation. Finally, the V1527A substitution did not alter the voltage-dependence of activation, but caused a 7 mV hyperpolarizing shift in inactivation.
G1516A, F1518A, N1522A and I1514A substitutions alter sodium channel sensitivity to deltamethrin Deltamethrin, a potent type II pyrethroid containing an α-cyano group at the phenoxybenzyl alcohol (Figure 2 ), was used to examine the pyrethroid sensitivity of all 20 mutant channels. Deltamethrin prolongs the opening of sodium channels, resulting in the induction of a tail current associated with repolarization [22] . This effect is state-dependent, with deltamethrin preferably binding to channels in the open state [9, 10] . We applied a 100-pulse train of 5-ms depolarizations from − 120 mV to − 10 mV to detect deltamethrin-induced tail currents upon repolarization. At 1 μM, deltamethrin drastically modified the gating of wild-type BgNa v 1-1A channels as evident from the induction of a tail current with a bi-exponential decay (see Supplemental  Table S2 at http://www.BiochemJ.org/bj/419/bj4190377add. htm). Alanine substitutions of Gly 1516 , Phe 1518 and Asn 1522 (located in the middle of IIIS6) significantly reduced the effect of deltamethrin, and higher concentrations of deltamethrin (10 μM) were required to induce tail currents. Furthermore, substitutions F1518A and N1522A converted the bi-exponential decay of the deltamethrin-induced tail current into a mono-exponential decay (Supplemental Table S2 ). In contrast, alanine substitution of Ile 1514 enhanced the effect of deltamethrin; a detectable tail current was elicited at 1 nM. Based on the percentage of channel 1519 was identified previously to be critical for the binding and action of pyrethroids [11] . The four residues identified in the present study to be required for normal pyrethroid action are marked in bold. Responses to deltamethrin of wild-type channels and the four mutant channels (I1514A, G1516A, F1518A and N1522A) with altered sensitivities to pyrethroids are shown. The percentage of channel modification by deltamethrin was determined using the method described in the Experimental section. G1516A, F1518A and N1522A reduced channel sensitivity to deltamethrin 5-, 20-and 20-fold respectively, whereas I1514A increased channel sensitivity to deltamethrin 10-fold.
modification by deltamethrin, the I1514A channel was 10-fold more sensitive to deltamethrin than the wild-type channel, whereas the G1516A, F1518A and N1522A channels were more resistant to deltamethrin than the wild-type by 5-, 20-and 20-fold respectively (Figure 2 ). Alanine substitutions of the remaining 16 residues in IIIS6 did not alter the deltamethrin effect.
The I1514A substitution enhances sodium channel sensitivity to pyrethroids that contain the phenoxybenzyl alcohol moiety
To determine whether these substitutions also alter channel sensitivity to other pyrethroids, we examined the channel sensitivity to six additional structurally diverse pyrethroids (four type I pyrethroids: bioallethrin, bioresmethrin, fenfluthrin and permethrin; and two more type II pyrethroids: cypermethrin and fluvalinate). We found that the I1514A channel was also more sensitive to permethrin, cypermethrin and fluvalinate, but not to bioallethrin, bioresmethrin and fenfluthrin. Interestingly, deltamethrin, permethrin, cypermethrin and fluvalinate all contain a common phenoxybenzyl alcohol moiety, whereas this is lacking in bioallethrin, bioresmethrin and fenfluthrin (Figure 3) .
The G1516A, F1518A and N1522A substitutions made the channel more resistant to all six pyrethroids. Specifically, F1518A and N1522A substitutions almost completely abolished the channel sensitivity to all type I pyrethroids and drastically reduced the channel sensitivity to type II pyrethroids. The G1516A substitution also reduced the action of type I pyrethroids more drastically than that of type II pyrethroids (Figure 3) . 
Effect of side chains at amino acid positions 1514, 1516, 1518 and 1522 on channel sensitivity to permethrin and deltamethrin
To determine how different side chains at the amino acid positions 1514, 1516, 1518 and 1522 might influence sodium channel gating properties and action of pyrethroids, we made substitutions using amino acids with side chains differing in size, charge or hydrophobicity from the original residue, and examined the resultant channels for gating and sensitivity to permethrin (a type I pyrethroid) and deltamethrin (a type II pyrethroid).
At position 1514, we made four more substitutions, to valine, cysteine, aspartic acid or phenylalanine. Like I1514A, the I1514V and I1514C channels became more sensitive to both deltamethrin and permethrin ( Figure 4A ). Neither the I1514D nor the I1514F channel has altered sensitivity to pyrethroids. All four substitutions shifted channel activation in the hyperpolarizing direction. Like I1514A, the I1514D and I1514F mutations also caused hyperpolarizing shifts in the voltage-dependence of inactivation (see Supplemental Table S3 at http://www.BiochemJ.org/bj/419/bj4190377add.htm). At position 1516, we introduced three additional substitutions: to proline, asparagine or aspartic acid. The G1516P channel failed to generate any detectable sodium current. The G1516N and G1516D channels produced sufficient sodium currents, but neither had altered channel sensitivity to either deltamethrin or permethrin ( Figure 4B ). The G1516D substitution shifted the voltage-dependence of activation in the hyperpolarizing direction and inactivation in the depolarizing direction (Supplemental Table S3 ). In comparison, the original G1516A substitution caused a depolarizing shift in activation and had no effect on inactivation (Supplemental Table S3 ). The G1516N substitution only shifted the voltage-dependence of inactivation in the depolarizing direction.
At position 1518, we generated three additional substitutions, to tryptophan, cysteine or aspartic acid. These substitutions did not alter channel sensitivity to deltamethrin and permethrin, except for the F1518W substitution which slightly reduced permethrin sensitivity ( Figure 4C ). The F1518W substitution caused a 14 mV hyperpolarizing shift in activation (Supplemental Table S3 ).
Finally, at position 1522, we introduced four additional substitutions, to glycine, phenylalanine, aspartic acid or lysine. The N1522F channel did not generate any detectable sodium current. Like N1522A, the N1522G channel was more resistant to both pyrethroids, whereas N1522D and N1522K channels were as sensitive to both pyrethroids as the wild-type channel ( Figure 4D ). The N1522K substitution shifted the activation in the hyperpolarizing direction, in contrast with the depolarizing shift caused by the original N1522A substitution (Supplemental Table S3 ). The N1522G and N1522D substitutions did not alter gating. Figure 5A ) [11] . Lysine substitutions of two residues in IIIS6 in the Na v 1.4 sodium channel, corresponding to Ser 1517 and Leu 1521 in BgNa v , completely abolished BTX effects [28] . Thus we made two additional substitutions, S1517K and L1521K, in BgNa v . Consistent with the results from the Na v 1.4 sodium channel, S1517K and L1521K channels were extremely resistant to BTX modification ( Figure 5 ). The S1517P substitution reduced the action of BTX, but the L1521A substitution did not alter the activity of BTX (Figures 5G and 5H ).
Computer modelling
Mapping of Ile 1514 , Phe 1518 and Asn 1522 in the model of BgNa v 1-1A shows these residues exposed towards helix IIS5 and linker Figure 6 ). These helices incorporate the pyrethroidinteracting residues Met 918 , Leu 925 , Thr 929 and Leu 932 (in the housefly sodium channel) and Phe 1519 (in the cockroach sodium channel) identified previously as necessary for pyrethroid action and/or binding [6] [7] [8] . The two groups of residues form a cluster ( Figure 6 ) in agreement with recent models [12, 14] in which the pyrethroid receptor is located in the interface between helices IIIS6, IIS5 and the linker helix IIS4-IIS5.
IIS4-IIS5 (
DISCUSSION
Pyrethroids and BTX act on the opposing sides of the IIIS6 helix
Residues in IIIS6 are predicted to form an α-helix and to be part of the inner pore of the sodium channel, with one side of the IIIS6 helix facing the lumen of the pore. Previous studies have shown that residues in S6 segments from all four domains form the receptor site of BTX [2] and computer modelling predicts that BTX binds within the inner pore of the sodium channel [29] . According to this model, the BTX-binding residues, including Ser 1276 and Leu 1280 (in Na v 1.4) would face the pore. IIIS6 also plays an essential role in the interaction of the sodium channel with pyrethroids, as is evident from the requirement of Phe 1519 for the binding and action of structurally diverse pyrethroids on the cockroach BgNa v channel [11] . We have shown in the present study that Ser 1517 and Leu 1521 in BgNa v (corresponding to Ser 1276 and Leu 1280 in Na v 1.4 respectively) are important for BTX action on the cockroach sodium channel, but they are not involved in pyrethroid action. In contrast, Phe 1519 [11] and Asn
1522
(the present study) are important for pyrethroid action, but they are not involved in the action of BTX. Phe 1519 and Asn 1522 are predicted to be situated on the side of the IIIS6 α-helix which is opposite to the BTX-binding residues ( Figure 6 ). Therefore these results provide experimental evidence supporting the notion that pyrethroids and BTX act on opposing sides of the IIIS6 helix. [30, 31] . Altogether, residues involved in pyrethroid action in IIIS6, IIS5 and linker IIS4-IIS5 form a cluster ( Figure 6 ) in agreement with a recent model [12, 14] in which the putative pyrethroid receptor is located at the lipid-exposed interface between IIIS6, IIS5 and linker IIS4-IIS5.
The contribution of Ile 1514 to sodium channel interaction with pyrethroids seems to be unique. First, Ile 1514 appears to define one edge of the IIIS6 amino acid cluster required for normal pyrethroid action. Secondly, in contrast with Gly 1516 , Phe 1518 , Phe 1519 and Asn 1522 , alanine substitutions of which drastically reduce the action of all pyrethroids tested, the I1514A substitution actually enhances sodium channel sensitivity to pyrethroids. Furthermore, this enhanced sensitivity seems to depend on the chemical structure of pyrethroids. Specifically, the I1514A substitution enhanced the action of three type II pyrethroids (containing the α-cyano group) and one type I pyrethroid permethrin (lacking the α-cyano group), but did not have an effect on the action of the remaining three type I pyrethroids bioallethrin, bioresmethrin and fenfluthrin. Interestingly, the four pyrethroids whose action is affected by the I1514A substitution share a common structural feature: a phenoxybenzyl alcohol moiety (Figure 3) . In fact, fenfluthrin differs from permethrin only at the alcohol moiety; fenfluthrin has a fluorinated single benzene ring instead of a phenoxybenzyl alcohol as in permethrin. These results suggest that the involvement of Ile 1514 in pyrethroid action depends on the presence of a phenoxybenzyl alcohol group in a pyrethroid. It would be interesting in the future to expand the analysis of the structural compatibility between amino acid side changes at position 1514 and diverse chemical structures of pyrethroids.
The hydrogen side chain of Gly 1516 is predicted to be away from either the pore-oriented BTX-binding site (Ser 1517 and Leu 1521 ) or the putative lipid-bound pyrethroid-binding pocket (Phe 1519 ) illustrated in Figure 6 . Thus Gly 1516 is not likely to be involved directly in pyrethroid binding. Interestingly, Gly 1516 has been predicted to be a gating hinge residue critical for the rotational movement of the inner helix in response to membrane depolarization, based on analysis of the open configuration of MthK channels [32] and site-directed mutagenesis of a bacterial sodium channel [33] . Therefore substitution of this residue could affect orientation of the cytoplasmic half of the IIIS6 helix and hence proper orientation of the pyrethroid-interacting residues.
Phe 1518 , like Gly 1516 , is also predicted to not be in BTXand pyrethroid-binding pockets. Furthermore, unlike Phe 1519 , for which only aromatic residue substitutions restore sodium channel sensitivity to deltamethrin, an aromatic residue is not essential at position 1518. For example, neither tryptophan nor cysteine substitution for Phe 1518 affected BgNav1-1A channel sensitivity to deltamethrin ( Figure 4C ). Phe 1518 probably plays an indirect role in pyrethroid action, similarly to Gly 1516 , by properly orienting residues important for sensitivity to pyrethroids (e.g. Phe 1519 and possibly Asn 1522 ). Asn 1522 is predicted to be situated near Phe 1519 on the same side of the IIIS6 α-helix. Interestingly, like F1519A, the N1522A substitution also almost completely abolished the action of all seven pyrethroids. However, substitutions of a similar size of side chain regardless of negative or positive charge (i.e. asparagine, aspartic acid or lysine) did not affect the action of pyrethroids. These results suggest that substitution of similarly sized amino acids (aspartic acid or lysine) for asparagine at 1522 re-establishes a critical contact point, lacking in the N1522A mutant, for pyrethroid activity in voltage-gated sodium channels.
In conclusion, our systematic site-directed mutagenesis of IIIS6 of the cockroach sodium channel residues revealed a cluster of amino acid residues that are essential for the action of pyrethroids. Together with the previous finding of Phe 1519 as a key residue for the binding of pyrethroid insecticides [11] , this study highlights the importance of IIIS6 in pyrethroid action. It is worth mentioning that these residues may not be the only ones in IIIS6 that are involved the interaction with pyrethroids. Our alanine-scanning analysis could miss some pyrethroid-interacting residues simply because alanine substitutions of these residues do not alter the action of pyrethroids. Nevertheless, it is clear that pyrethroid binding and action likely require amino acid residues from different regions (IIIS6, IIS4-IIS5 and IIS5) of the sodium channel. Further site-directed mutagenesis and modelling studies are necessary to visualize involvement of pyrethroidinteracting residues in the action of different pyrethroids, and to understand how structurally diverse pyrethroids interact with these pyrethroid-interacting residues at the atomic level.
Table S2 Time constants of the decay of pyrethroid-induced tail currents
Type-II pyrethroid (deltamethrin, cypermethrin and fluvalinate) -induced tail currents were fitted with bi-exponential functions for the wild-type, G1516A and I1514A channels, but mono-exponential function for F1518A and N1522A channels. Type-I pyrethroid (permethrin, bioresmethrin, fenfluthrin and bioallethrin) -induced tail currents were fitted with single-exponential function for the wild-type and mutant channels. Substitutions F1518A and N1522A almost completely abolished the action of type I pyrethroids, therefore fitting of tail current decay was not possible (-). Results are means + − S.D. Asterisks show that the time constant of decay of pyrethroid-induced tail currents in channels was significantly different from the parental channel BgNa v 1-1A (P < 0.05; Student's t test). 
